The effect of argon plasma treatment prior to hydrophobic bonding of silicon wafers was investigated. Bonded wafers were annealed at 400°C for up to 96-hours and bond-strength analysis was performed. Experimental results revealed that plasma exposure of electrically isolated (floating) wafers for a period of 7-seconds followed by HF treatment, room temperature bonding, and 400°C anneal resulted in bonded wafers with bond strength equivalent to that of silicon's fracture surface energy.
Introduction
For the past two decades wafer bonding technology has received a great deal of focus by research institutions, and automotive, semiconductor, biomedical, and defense industries (1) . Advancements in semiconductor fabrication, such as system integration on a chip and combining high-density electronics with mechanical and optical systems, have created a need for improvements in wafer bonding techniques. As a result, there is interest in developing enhanced wafer bonding techniques to create void-free, highstrength bonds without high temperature annealing.
The use of hydrophobic wafer bonding technology is particularly important in power electronics device fabrication; it is desirable primarily because hydrophobic bonded wafers provide electrical and thermal conduction across the bond interface ( 2) . Hydrophobic wafer bonding is also desirable over hydrophilic bonding for fabrication of substrates (e.g. Si on poly SiC) for RF devices. High frequency electronics produce a great deal of heat; any oxide layer at the bond interface acts as a thermal insulator trapping the heat which results from self-heating.
Despite the benefits of hydrophobic wafer bonding, there are a number of challenges that need to be addressed before the technology can be deemed viable for mass device production. Unlike hydrophilic surfaces, hydrophobic surfaces exhibit greater affinity for attracting contaminants such as hydrocarbons which results in a larger number of intrinsic voids during annealing (3). Furthermore, hydrophobic bonded wafers suffer from weaker bond strengths as opposed to hydrophilic bonded wafers when processed at lower temperatures (up to ~150°C) (4).
To minimize intrinsic void formation and maximize bond strength for hydrophobic wafers, the effect of argon plasma treatment combined with low temperature annealing was studied. Although very little information is available as to why plasma treatment improves bond strength, available research indicates that the amorphous layer created by plasma surface activation acts as a gettering site for the by-products of the interface reaction. The result of plasma treatment is higher bond strength and fewer intrinsic voids during low temperature annealing (5) .
Experimental
The w afers used in the experiments were 125 ±0.5 mm diameter, p-type, (100) oriented wafers; with 16-24 Ω-cm resistivity and 625 ±15 µm thickness. All wafers were cleaned in an ultrasonic bath using SC1 (1:1:5; NH 3 OH:H 2 O 2 :H 2 O) solution for 12-minutes at 55°C, followed by DI rinse for 3-minutes. HF treated wafers were dipped in 2% HF solution for 40-seconds. Wafers were spin-dried for 2 to 5 minutes using a Laurell Technologies wafer spinner. Unless otherwise noted, wafers undergoing plasma treatment were individually placed on a 35.5 mm quartz platform and exposed to argon plasma in a Technics 800 Series Micro Reactive Ion Etch (R.I.E) system. RF power was maintained at approximately 87 W and the gas pressure was between 77 and 150 mTorr. The Technics 800 Series Micro R.I.E system used for plasma treatment utilized a 30 KHz /350 W power supply as opposed to the commonly used 13.56 MHz/350 W supply. All wafers were bonded in air atmosphere at room temperature. Bonded wafers were annealed at 400°C for 24 to 96 hours using a Thermco micro-brute MB-80 furnace. Bonded wafers were imaged using a Sony IR transmission camera after each of three steps: immediately after bonding, after the anneal process, and after blade insertion during bond-strength testing (1) . The c rack length was marked by overlaying a transparent 50 x 50 mm grid (with 1 mm divisions) on the bonded wafers during IR imaging. Crack-length measurement was performed by measuring the squares between the inserted blade and the edge of the propagated crack.
Experiments
The following outlines the key experiments performed to analyze the effects of plasma exposure on hydrophobic wafer bonding:
1. Monitor wafers -the monitor wafers served as the standard to which all other experimental results were compared. The wafers were bonded using standard hydrophobic bonding processes (SC1, DI rinse, HF treated) without plasma exposure. 2. HF-Ar-HF -the wafers in this series of experiments were HF treated both prior to and after Ar plasma exposure. Some wafers were electrically isolated in the plasma chamber by being placed on a quartz platform while other wafers were placed directly on the plasma chamber platen. Both wafers in a bonded wafer-pair underwent the same process. 3. Ar-HF -the wafers in this series of experiments were exposed to Ar plasma immediately after SC1 clean and DI rinse/dry. Plasma exposed wafers were HF treated, spin-dried and bonded in room temperature. All wafers in this series were electrically isolated in the plasma chamber by being placed on a quartz platform.
Experimental Results
Monitor Wafers. The monitor wafers were bonded immediately following the HF step. Pressure was applied for 10-seconds at the center of the wafers to initiate bonding, but no additional pressure was applied. The monitor wafers were stored for 5 days prior to the initial 24-hour annealing; the wafers were annealed for another 48-hours shortly after initial bond-strength testing. The surface energy measured after 24-hours of annealing was found to be 940 mJ/m 2 which is in good agreement with previous results.
HF-Ar-HF. In the second series of experiments, wafers were treated with 2% HF before and after plasma activation. The effects of wafer placement in the plasma chamber were also studied. Some wafers were placed on a 35.5 mm quartz platform -electrically isolating the wafers and exposing the wafers to bulk plasma, while other wafers were placed directly on the platen -exposing them to intense ion bombardment. Although the wafers were exposed to plasma individually, in each experiment, the wafers were treated as a pair, that is, both wafers were exposed to the same treatment.
The image of the bonded wafers shown in Figure 1a was taken immediately after bonding. The two bright dots near the middle of the bonded wafers in Figure 1a are where bonding was initiated. The wafers in this experiment were treated with 2% HF befo re and after plasma activation. The plasma exposure settings for the wafers were as follows: first wafer -RF power, 88 W; gas pressure, 111 m Torr; exposure time, 7 seconds; second wafer -RF power, 88 W; gas pressure, 105 mTorr; exposure time, 7 seconds. The variation in the gas pressure was due to the short duration in which the plasma was active; during this time, the pressure varied by ±5 mTorr until it stabilized at the recorded value. The wafers were placed on the platen during plasma exposure. The wafers treated in 2% HF after plasma exposure exhibited significant signs of hydrophilic behavior around the outer edge. The wafers were annealed for 24-hours at 400°C shortly after bonding and imaged as shown in Figure 1b . Figure 1b shows very little change in bonding after 24-hours of annealing. The wafers were annealed again for 72-hours and imaged, as shown in Figure 1c . Initial signs of bond ing can be seen in Figure 1c . Bond strength testing was attempted but failed twice in the regions around the edges of the wafers (Figure 1c) . The fractures indicated that full bond strength had been reached.
The second series of experiments also included examination of the effects of wafer placement away from the plasma chamber platen. In this series of experiments, individual wafers were placed on a 35.5 mm quartz platform and exposed to argon plasma. The height of the quartz platform was arbitrary. Pressure had to be applied to the bonded wafers in a centrally initiated -outwardly extended -"massaging" fashion for 2-minutes fully bond un-bonded regions. The wafers in this experiment were treated with 2% HF before and after plasma activation. The plasma exposure settings for the wafers were as follows: first wafer -RF power, 80 W; gas pressure, 77 mTorr; exposure time, 7 seconds; second wafer -RF power, 87 W; gas pressure, 127 mTorr; exposure time, 7 seconds. The wafers were annealed for 24-hours at 400°C shortly after bonding. The bond strength measured after 24-hours for one of the samples varied from 652 to 1532 mJ/m 2 . The large variation in surface energy indicates that bonding was not uniform across the entire area of the bonded wafers. However, the average bond strength for all five samples was greater than 2000 mJ/m 2. A further 72 hour anneal at 400°C resulted in full fracture energy for all samples. Ar-HF. In the third and final series of experiments, wafers were exposed to argon plasma followed by HF treatment prior to bonding. The purpose of this series of experiments was to determine whether the initial HF treatment step was necessary to achieve high bond strength. The wafers were electrically isolated by being placed on a 35.5 mm quartz platform during plasma exposure. Just as in the prior series, pressure had to be applied to the bonded wafers for 2-minutes to work out un-bonded regions. The plasma exposure settings for the wafers were as follows: first wafer -RF power, 85 W; gas pressure, 150 mTorr; exposure time, 7 seconds; second wafer -RF power, 85 W; gas pressure, 130 mTorr; exposure time, 7 seconds. The wafers were annealed for 24-hours at 400°C shortly after bonding. The bond strength measured after 24-hours of annealing was 1465 mJ/m 2 . The wafers were further annealed for 72-hours and imaged. Results of bond strength testing indicated full fracture energy had been reached.
Discussion
A study of the results of these experiments provide the following key observations:
1. Argon plasma activation of silicon wafers for a very short duration, at moderate RF power and gas pressure, followed by 72 to 96 hours of annealing at 400°C, significantly improved surface energy of bonded wafers. Similar observations regarding plasma activation and Ar beam irradiation were made by studies refe renced in (5-11). 2. Wafer placement on the plasma chamber platen significantly affected charge buildup in the wafers resulting in hydrophilic behavior (during HF treatment)
Fracture
Intrinsic Voids and poor adhesion after bonding. In Figure 1b no bonding was observed even after 24-hours of annealing at 400°C. However, wafer surfaces slowly began to lose charge and partial bonding was observed after 96-hours of annealing at 400°C resulting in wafer fracture during bond-strength testing. 3. Electrical isolation of wafers by placement away from the plasma chamber platen had a positive effect in promoting wafer adhesion immediately after bonding and resulted in very high surface energies after 72 to 96 hours of annealing at 400°C. 4 . Plasma activation did not, in any way, reduce void formation as seen in Figure  1 as well as all other samples. Instead, an increase of intrinsic voids in plasma activated wafers was observed after annealing. 5. HF treatment prior to plasma activation made no significant contribution to void reduction or surface energy of bonded wafers during bond strength analysis.
A comparison and summary of the surface energies for these experiments and previous work is shown in Figure 2 . Most of the data for plasma activated wafers were in the range of 1500 to 2000 mJ/m 2 after 24 anneal which significantly higher than previous results (2). After 96 hours most plasma activated samples reached full bond strength, except for one which was near 2500 mJ/m 2 .
Figure 2: Surface energy measurements for plasma treated hydrophobic bonded wafers compared to standard SC1, HF treated samples. All anneals were at 400°C. 3D fracture was achieved for long (96 hours) anneals. The Technics 800 Series R.I.E. system used in the experiments was based on dual electrode parallel plate reactive ion etcher. The lower electrode (platen) was connected to the 30 kHz/350 W power supply, while the plasma chamber was grounded. The design of the process chamber was such that the area of the 9" diameter platen created a 3:1 ratio between the chamber and platen electrodes. This ratio resulted in a high negative DC self-bias voltage, which was produced by the platen being insulated from ground by a blocking capacitor in the RF power supply. As a result, any material placed on the platen is bombarded by positive ions.
In capacitive RF plasma discharge systems, such as the Technics 800 Series R.I.E., plasma electrons oscillate in the bulk plasma space in response to alternating sinusoidal electric fields created between the parallel-plate electrodes by the RF power supply. Ions generated in the plasma chamber, cannot respond to instantaneous changes in the electric field due to their heavier mass, and their motion within the bulk plasma region is affected by "time-averaged" electric fields (12) as opposed to instantaneous electric fields.
Another important concept in plasma discharge is the existence of narrow positively charged layers at the boundaries of any surface in contact with plasma. These layers, which are called sheaths, are created as a result of the flux imbalance between the highly mobile electron and the slow moving ions.
In the case where the substrate was placed on a quartz platform, the wafer resided in the bulk plasma region and was electrically isolated from the electrodes. The flux imbalance initially resulted in the wafer becoming more negative; however, in order to maintain a quasineutral state, a space-charge region developed around the substrate to balance the electron and ion flux (12, 13) . This explains why the wafers exhibited moderate surface charge immediately after bonding and required a certain period of applied pressure to complete the bonding process.
It is important to note that in the R.I.E. process-chamber, the separation between the top of the platen and chamber ceiling was about 44 mm. However, when the wafer was placed on a 35.5 mm platform, the separation between the top surface of the wafer and the chamber ceiling was roughly 8.5 mm. The small separation between the top of the wafer and the chamber ceiling placed the wafer closer to the top (anodic) sheath.
In the experimental results shown in Figure 1 , the substrate was placed directly on the platen. Because the area of the platen was 1/3 that of the chamber, a large negative DC self-bias developed to balance the electron and ion flux. The difference in the size of the electrodes resulted in unequal sheath potentials (unequal sheath lengths), and a DC bias to offset the unequal potential distribution. The larger sheath length at the platen resulted in heavier and more energetic positive ion bombardment of the substrate (14) . This explains why the wafers in Figure 1 exhibited excessive charge buildup and had difficulty establishing a bond.
Conclusion
The experimental results indicate that short-duration argon plasma activation of silicon wafers prior to HF treatment followed by 72 to 96 hours annealing at 400°C produced bonded wafers with bond strengths equivalent to that of silicon surface fracture energy. Additionally, it was shown that HF treatment prior to plasma exposure did not improve bonding or result in void reduction.
All plasma treated wafers contained a large number of intrinsic and other interfacial voids. Although the reasons behind void formation in plasma exposed hydrophobic bonding are not clearly understood, research suggests that the voids could either be due to outgassing of trapped hydrogen at the bonding interface, or the presence of hydrocarbons and other contaminants (15) .
A study of plasma physics and the science behind plasma etching technology provided some insight into how plasma exposure affected charge buildup in wafers and why wafer placement in different locations within the plasma chamber resulted in the observed bonding behaviors. From the experimental results it was learned that electrically isolating wafers during plasma exposure promoted better and faster bonding compared to wafers placed directly on the powered electrode. The study of pla sma physics did not, however, yield an explanation of why plasma exposure promotes bonding.
